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7KH3LH]RHIIHFWILQGVPDQ\DSSOLFDWLRQVVXFKDVWKHSURGXFWLRQDQGGHWHFWLRQRIVRXQGJHQHUDWLRQ
RI KLJK YROWDJHV HOHFWURQLF IUHTXHQF\ JHQHUDWLRQ PLFUREDODQFHV DQG XOWUDILQH IRFXVLQJ RI RSWLFDO
DVVHPEOLHV,WLVDOVRWKHEDVLVRIDQXPEHURIVFLHQWLILFLQVWUXPHQWDOWHFKQLTXHVZLWKDWRPLFUHVROXWLRQ
WKHVFDQQLQJSUREHPLFURVFRSHVDQGHYHU\GD\XVHVVXFKDVDFWLQJDV WKH LJQLWLRQVRXUFHIRUFLJDUHWWH
OLJKWHUVDQGSXVKVWDUWSURSDQHEDUEHFXHV
3LH]RHOHFWULF PDWHULDOV 3=7 FDQ EH XVHG DV PHFKDQLVPV WR WUDQVIHU DPELHQW YLEUDWLRQV LQWR
HOHFWULFDOHQHUJ\WKDWFDQEHVWRUHGDQGXVHG WRSRZHURWKHUGHYLFHV:LWK WKH UHFHQWVXUJHRIPLFUR
VFDOH GHYLFHV 3=7 SRZHU JHQHUDWLRQ FDQ SURYLGH D FRQYHQWLRQDO DOWHUQDWLYH WR WUDGLWLRQDO SRZHU
VRXUFHVXVHGWRRSHUDWHFHUWDLQW\SHVRIVHQVRUVDFWXDWRUVWHOHPHWU\DQG0(06GHYLFHV,QWKLVSDSHU
WKH G\QDPLFV RI SLH]RHOHFWULF PDWHULDOV IRU WKH XVH RI SRZHU JHQHUDWLRQ GHYLFHV KDV EHHQ
H[SHULPHQWDOO\LQYHVWLJDWHG7KHREMHFWLYHVRIWKLVZRUNDUHWRHVWLPDWHWKHDPRXQWRISRZHUWKDW3=7
FDQ JHQHUDWH DQG WR LGHQWLI\ WKH IHDVLELOLW\ RI WKH GHYLFHV IRU UHDOZRUOG DSSOLFDWLRQV 7KH HQHUJ\
SURGXFHGE\ WKH3=7ZDV VWRUHG LQ WZRGLIIHUHQWZD\V 7KH ILUVWZDV LQ D FDSDFLWRU WKDW DOORZV IRU
LPPHGLDWHDFFHVVWRWKHVWRUHGHQHUJ\DQGWKHVHFRQGPHWKRGFKDUJHGDQLFNHOPHWDOK\GULGHEDWWHU\
7KHSRZHUJHQHUDWHGE\ WKHYLEUDWLRQRI WKH SLH]RHOHFWULF LV VKRZQ WREH DPD[LPXPRIP: DQG
SURYLGHHQRXJKHQHUJ\WRFKDUJHDP$KEXWWRQFHOOEDWWHU\LQRQHKRXU
3LH]RHOHFWULF PDWHULDOV IRUP WUDQVGXFHUV WKDW DUH DEOH WR LQWHUFKDQJH HOHFWULFDO HQHUJ\ DQG
PHFKDQLFDOPRWLRQRUIRUFH7KHVHPDWHULDOVWKHUHIRUHFDQEHXVHGDVPHFKDQLVPVWRWUDQVIHUDPELHQW
PRWLRQXVXDOO\YLEUDWLRQ LQWRHOHFWULFDOHQHUJ\WKDWPD\EHVWRUHGDQGXVHGWRSRZHURWKHUGHYLFHV
%\ LPSOHPHQWLQJSRZHUKDUYHVWLQJGHYLFHVZH FDQGHYHORSSRUWDEOH V\VWHPV WKDW GRQRW GHSHQGRQ
WUDGLWLRQDOPHWKRGVIRUSURYLGLQJSRZHUVXFKDVWKHEDWWHU\ZKLFKKDVDOLPLWHGRSHUDWLQJOLIH5HFHQW
VWXGLHV H[SHULPHQWV DQG SDWHQWV LQGLFDWH WKH IHDVLELOLW\ RI XVLQJ 3=7 GHYLFHV DV SRZHU VRXUFHV
8PHGD \HW DOO XVHV D IUHHIDOOLQJ EDOO WR LPSDFW D SODWHZLWK D SLH]RFHUDPLFZDIHU DWWDFKHG WR LWV
XQGHUVLGH DQGGHYHORSHG DQHOHFWULFDO HTXLYDOHQWPRGHO RI WKH3=7 WUDQVIRUPLQJPHFKDQLFDO LPSDFW
HQHUJ\WRHOHFWULFDOSRZHU7KH\DOVRLQYHVWLJDWHGWKHHQHUJ\VWRUDJHFKDUDFWHULVWLFVRIWKH3=7ZLWKD
EULGJH UHFWLILHU DQG D FDSDFLWRU 6WDUQHU H[DPLQHV WKH HQHUJ\ DYDLODEOH IURP OHJPRWLRQ RI D KXPDQ
EHLQJDQGVXUYH\VRWKHUKXPDQPRWLRQVRXUFHVRIPHFKDQLFDOHQHUJ\LQFOXGLQJEORRGSUHVVXUH
7KH DXWKRU FODLPV ZDWWV RI XVHDEOH SRZHU FDQ EH DFKLHYHG IURP D 3=7PRXQWHG LQ D VKRH
.\PLVVLV\HW DOO H[DPLQHXVLQJDSLH]RILOP LQ DGGLWLRQ WR WKHFHUDPLFXVHG LQ WRSURYLGHSRZHU WR
OLJKWDEXOELQDVKRHHQWLUHO\IURPZDONLQJPRWLRQ.LPXUD¶V863DWHQWFHQWHUVRQWKHYLEUDWLRQRID
VPDOO SODWH KDUQHVVHG WR SURYLGH D UHFWLILHG YROWDJH VLJQDO 7KH HIIRUW VHHPV WR EH PRWLYDWHG E\
SURYLGLQJ HQRXJK HQHUJ\ WR UXQ D VPDOO WUDQVPLWWHU IL[HG WR PLJUDWRU\ ELUGV IRU WKH SXUSRVH RI
WUDQVPLWWLQJWKHLULGHQWLILFDWLRQFRGHDQGORFDWLRQ7KLVUHVXOWLVDOVRFRPSDUHGWRXVLQJH[LVWLQJEDWWHU\
WHFKQRORJ\
*ROGIDUE\HWDOOSUHVHQWHGDOLQHDUL]HGPRGHORID3=7VWDFNDQGDQDO\]HGWKHHIILFLHQF\RILWDVD
SRZHUJHQHUDWLRQGHYLFH,WZDVVKRZQWKDWWKHPD[LPXPHIILFLHQF\RFFXUVLQDORZIUHTXHQF\UHJLRQ
PXFKORZHUWKDQWKHVWUXFWXUDOUHVRQDQFHRIWKHVWDFN7KHHIILFLHQF\LVDOVRUHODWHGWRWKHDPSOLWXGHRI
WKHLQSXWIRUFHGXHWRK\VWHUHVLVRIWKH3=7,QDGGLWLRQWRWKHIRUFHDSSOLHGLQWKHSROLQJGLUHFWLRQG
PRGH&ODUNDQG5DPVD\KDYHLQYHVWLJDWHGDQGFRPSDUHGLWZLWKWKHWUDQVYHUVHIRUFHGPRGHIRUD
3=7 JHQHUDWRU 7KHUH ZRUN VKRZHG WKDW WKH G PRGH KDV D PHFKDQLFDO DGYDQWDJH LQ FRQYHUWLQJ
DSSOLHGSUHVVXUH WRZRUNLQJVWUHVVIRUSRZHUJHQHUDWLRQ7KH\FRQFOXGHGWKDWDFPSLH]RFHUDPLF
ZDIHUFDQSRZHU0(06GHYLFHLQWKHPLFURZDWWUDQJH(OYLQ\HWDOOWKHRUHWLFDOO\DQGH[SHULPHQWDOO\
LQYHVWLJDWHVWKHXVHRIWKHVHOISRZHUHGVWUDLQHQHUJ\VHQVRUVXVLQJ39')7KHLUKDOIUHFWLILHGFLUFXLW
ZDVWKHQFRPELQHGZLWKZLUHOHVVFRPPXQLFDWLRQGHYLFHIRUKXPDQERQHVWUDLQPRQLWRULQJ.DV\DS\HW
DOOIRUPXODWHGDOXPSHGHOHPHQWPRGHOWRUHSUHVHQWWKHG\QDPLFEHKDYLRURI3=7LQPXOWLSOHHQHUJ\
GRPDLQVXVLQJDQHTXLYDOHQWFLUFXLW7KHLUPRGHOKDVEHHQH[SHULPHQWDOO\YHULILHGXVLQJDGEHDP
VWUXFWXUH ZLWK WKH SHDN SRZHU HIILFLHQFLHV RI DSSUR[LPDWHO\  *RQ]DOH] \HW DOO DQDO\]HG WKH
SURVSHFWRISLH]RHOHFWULFEDVHGHQHUJ\FRQYHUVLRQDQGVXJJHVWHGVHYHUDO LVVXHV WR UDLVH WKHHOHFWULFDO
RXWSXWSRZHURIWKHH[LVWLQJSURWRW\SHVWRWKHOHYHOWKDWFDQEHWKHRUHWLFDOO\REWDLQHG

1RPHQFODWXUH
3=7 /HDG]LUFRQDWHWLWDQDWH3E>=U[7L[@2RQHRIWKHZRUOG
VPRVWZLGHO\XVHG
SLH]RHOHFWULFFHUDPLFPDWHULDOV
0(06  0LFUR(OHFWUR0HFKDQLFDO6\VWHPV
39')  3RO\YLQ\OLGHQHIOXRULGH
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3LH]RHOHFWULFHIIHFW
3LH]RHOHFWULFLW\LVGHILQHGDVDFKDQJHLQHOHFWULFSRODUL]DWLRQZLWKDFKDQJHLQDSSOLHGVWUHVVGLUHFW
SLH]RHOHFWULF HIIHFW VKRZQ LQ )LJ D 7KH FRQYHUVH SLH]RHOHFWULF HIIHFW LV WKH FKDQJH RI VWUDLQ RU
VWUHVVLQDPDWHULDOGXHWRDQDSSOLHGHOHFWULFILHOGVKRZQLQ)LJE$QRWKHULQWHUHVWLQJSURSHUW\RI
SLH]RHOHFWULFPDWHULDOLVWKDWWKH\FKDQJHWKHLUGLPHQVLRQVFRQWUDFWRUH[SDQGZKHQDQHOHFWULFILHOGLV
DSSOLHG WR WKHP 7KH FRQYHUVH SLH]RHOHFWULF HIIHFW GHVFULEHV WKH VWUDLQ WKDW LV GHYHORSHG LQ D
SLH]RHOHFWULFPDWHULDOGXHWRWKHDSSOLHGHOHFWULFILHOG
3LH]RHOHFWULFLW\LVWKHDELOLW\RIVRPHPDWHULDOVVXFKDVFU\VWDOVDQGFHUWDLQFHUDPLFVWRJHQHUDWHDQ
HOHFWULFSRWHQWLDO LQUHVSRQVH WRDSSOLHGPHFKDQLFDOVWUHVVRUKHDW ,I WKHSLH]RFU\VWDOVDUHQRWVKRUW
FLUFXLWHGWKHDSSOLHGFKDUJHLQGXFHVDYROWDJHDFURVVWKHPDWHULDO


)LJD3LH]R(OHFWULF0HFKDQLVPE&RQYHUVH3LH]R0HFKDQLVP
2.1. Principle of operation 
7KHPLFURVFRSLF RULJLQ RI WKH SLH]RHOHFWULF HIIHFW LV WKH GLVSODFHPHQW RI LRQLF FKDUJHVZLWKLQ D
FU\VWDO VWUXFWXUH ,Q WKH DEVHQFH RI H[WHUQDO VWUDLQ WKH FKDUJH GLVWULEXWLRQ LV V\PPHWULF DQG WKH QHW
HOHFWULF GLSROH PRPHQW LV ]HUR +RZHYHU ZKHQ DQ H[WHUQDO VWUHVV LV DSSOLHG WKH FKDUJHV ZLOO EH
GLVSODFHGDQGWKHFKDUJHGLVWULEXWLRQZLOOEHQRORQJHUV\PPHWULFDQGQHWSRODUL]DWLRQZLOOEHFUHDWHG
,QVRPHFDVHVDFU\VWDOSRVVHVVHVDXQLTXHSRODUD[LVHYHQLQWKHXQVWUDLQHGFRQGLWLRQ7KLVFDQUHVXOW
LQ D FKDQJH RI WKH HOHFWULF FKDUJH GXH WR D XQLIRUP FKDQJH RI WHPSHUDWXUH 7KLV LV FDOOHG WKH
S\URHOHFWULF HIIHFW 7KH GLUHFW SLH]RHOHFWULF HIIHFW LV WKH EDVLV IRU IRUFH SUHVVXUH YLEUDWLRQ DQG
DFFHOHUDWLRQVHQVRUVDQGWKHFRQYHUVHHIIHFWIRUDFWXDWRUDQGGLVSODFHPHQWGHYLFHV
2.2. Piezo materials 
6RPH H[DPSOHV RI SUDFWLFDO SLH]R PDWHULDOV DUH EDULXP WLWDQDWH OLWKLXP QLREDWH
SRO\YLQ\OHGHQHGLIOXRULGH 39') DQG OHDG ]LUFRQDWH WLWDQDWH 3=7 7KHUH DUH VHYHUDO GLIIHUHQW
IRUPXODWLRQVRIWKH3=7FRPSRXQGHDFKZLWKGLIIHUHQWHOHFWURPHFKDQLFDOSURSHUWLHV
0HFKDQLVPRIWKHSURSRVHGV\VWHP
0HFKDQLFDO FRPSUHVVLRQ RU WHQVLRQ RQ D SROHG SLH]RHOHFWULF FHUDPLF HOHPHQW FKDQJHV WKH GLSROH
PRPHQWFUHDWLQJDYROWDJH&RPSUHVVLRQDORQJWKHGLUHFWLRQRISRODUL]DWLRQRUWHQVLRQSHUSHQGLFXODUWR
WKHGLUHFWLRQRISRODUL]DWLRQJHQHUDWHVYROWDJHRIWKHVDPHSRODULW\DVWKHSROLQJYROWDJH)LJ

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
)LJ:RUNLQJPHFKDQLVPRIVLPSOH3LH]R7UDQVGXFHU
7KHSULQFLSOHLVDGDSWHGWRSLH]RHOHFWULFPRWRUVVRXQGRUXOWUDVRXQGJHQHUDWLQJGHYLFHVDQGPDQ\
RWKHU SURGXFWV Generator DFWLRQ LV XVHG LQ IXHOLJQLWLQJ GHYLFHV VROLG VWDWH EDWWHULHV DQG RWKHU
SURGXFWVMotor actionLVDGDSWHGWRSLH]RHOHFWULFPRWRUVVRXQGRUXOWUDVRXQGJHQHUDWLQJGHYLFHVDQG
PDQ\RWKHUSURGXFWV
,QDGGLWLRQWKHVXSHUVFULSWV67('DUHLQWURGXFHG7KH\GHVFULEHDQHOHFWULFDORUPHFKDQLFDO
ERXQGDU\FRQGLWLRQ
Definition: 
6 6WUDLQ FRQVWDQWPHFKDQLFDOO\FODPSHG
7 6WUHVV FRQVWDQWQRWFODPSHG
( )LHOG FRQVWDQWVKRUWFLUFXLW
' (OHFWULFDO'LVSODFHPHQW FRQVWDQWRSHQFLUFXLW
3.1 How it works? 
,Q D SLH]RHOHFWULF FU\VWDO WKH SRVLWLYH DQG QHJDWLYH HOHFWULFDO FKDUJHV DUH VHSDUDWHG EXW
V\PPHWULFDOO\ GLVWULEXWHG 7KLV PDNHV WKH FU\VWDO HOHFWULFDOO\ QHXWUDO (DFK RI WKHVH VLGHV IRUP DQ
HOHFWULFGLSROHDQGGLSROHVQHDUHDFKRWKHUWHQGWREHDOLJQHGLQUHJLRQVFDOOHG³:HLVVGRPDLQV´7KH
GRPDLQVDUHXVXDOO\UDQGRPO\RULHQWHGEXWFDQEHDOLJQHGGXULQJSROLQJDSURFHVVE\ZKLFKDVWURQJ
HOHFWULFILHOGLVDSSOLHGDFURVVWKHPDWHULDOXVXDOO\DWHOHYDWHGWHPSHUDWXUHV:KHQDPHFKDQLFDOVWUHVV
LV DSSOLHG WKLV V\PPHWU\ LV GLVWXUEHG DQG WKH FKDUJH DV\PPHWU\ JHQHUDWHV D YROWDJH DFURVV WKH
PDWHULDO ,Q &RQYHUVH SLH]RHOHFWULF HIIHFW DSSOLFDWLRQ RI DQ HOHFWULFDO ILHOG FUHDWHV PHFKDQLFDO
GHIRUPDWLRQLQWKHFU\VWDO
7KH PRVW FRPPRQ DSSOLFDWLRQ RI SLH]R FU\VWDOV WR JHQHUDWH D SRWHQWLDO LV WKH HOHFWULF FLJDUHWWH
OLJKWHU3UHVVLQJWKHEXWWRQRIWKHOLJKWHUFDXVHVDVSULQJORDGHGKDPPHUWRKLWDSLH]RHOHFWULFFU\VWDO
SURGXFLQJDVXIILFLHQWO\KLJKYROWDJHWKDWHOHFWULFFXUUHQWIORZVDFURVVDVPDOOVSDUNJDSWKXVKHDWLQJ
DQG LJQLWLQJ WKHJDV 6RPH VXEVWDQFHV OLNHTXDUW] FDQJHQHUDWHSRWHQWLDO GLIIHUHQFHVRI WKRXVDQGVRI
YROWVWKURXJKGLUHFWSLH]RHOHFWULFHIIHFW
Flexible Piezoelectric Materials DUH DWWUDFWLYH IRU SRZHU KDUYHVWLQJ DSSOLFDWLRQV EHFDXVH RI WKHLU
DELOLW\WRZLWKVWDQGODUJHDPRXQWVRIVWUDLQ/DUJHUVWUDLQVSURYLGHPRUHPHFKDQLFDOHQHUJ\DYDLODEOH
IRUFRQYHUVLRQLQWRHOHFWULFDOHQHUJ\$VHFRQGPHWKRGRILQFUHDVLQJWKHDPRXQWRIHQHUJ\KDUYHVWHG
IURPDSLH]RHOHFWULFLVWRXWLOL]HDPRUHHIILFLHQWFRXSOLQJPRGH
3.2 Types of piezo- sensors 
7KHEHORZILJXUHVGHSLFWVWKHYDULRXVPRGHOVDQGW\SHVRI3LH]RWUDQVGXFHUV\VWHP)LJ

D EFG
)LJD7ZRWHUPLQDOFLUFOHW\SHWKHPHWDOLV6WDLQOHVV6WHHO%UDVVDQG1LFNHO$OOR\
E7KUHHWHUPLQDOFLUFOHZLWKEULPIHHGEDFNWKHPHWDOLV%UDVVDQG6WDLQOHVV6WHHO
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F7KUHHWHUPLQDOFLUFOHZLWKFHQWUHIHHGEDFNWKHPHWDOLV%UDVVDQG6WDLQOHVV6WHHO
G7ZRWHUPLQDOVTXDUHW\SHWKHPHWDOLV1LFNHO$OOR\

$OO WKHW\SHVRIDERYHSURGXFWVFDQEHDWWDFKHGDFRQQHFWRUZLWK WZRRU WKUHHZLUHVDFFRUGLQJO\
DOVRFDQSURGXFHFRPHRWKHUGLPHQVLRQVSLH]RSODWH)LJ

)LJ&RQQHFWLRQVHWXSRI3LH]R7UDQVGXFHU
&RQVWUXFWLRQRIWKHSLH]RJHQHUDWRU
%DWWHU\ SRZHUHG PRELOH GHYLFHV KDYH UHFHQWO\ EHHQ UDSLGO\ JDLQLQJ ZLGHVSUHDG SRSXODULW\
+RZHYHU WKH\ PXVW DOZD\V EH FKDUJHG EHIRUH XVH ,I WKH\ DUH HTXLSSHG ZLWK D JHQHUDWRU ZKLFK
WUDQVIRUPV PHFKDQLFDO LPSDFW HQHUJ\ GXULQJ WUDYHO WR HOHFWULF HQHUJ\ WKH EDWWHULHV FDQ EH FKDUJHG
ZLWKRXW HOHFWULFDO SRZHU VRXUFHV )RU WKLV SXUSRVH ZH KDYH SURSRVHG D SLH]RJHQHUDWRU ZKLFK
WUDQVIRUPV PHFKDQLFDO LPSDFW HQHUJ\ WR HOHFWULF HQHUJ\ DQG KDYH GLVFXVVHG LWV IXQGDPHQWDO
FKDUDFWHULVWLFV7KHJHQHUDWRUFRQVLVWVRIDVWHHOEDOODQGDSLH]RHOHFWULFYLEUDWRU7KHLPSDFWRIWKHEDOO
DJDLQVW WKHJHQHUDWRUSURGXFHVHOHFWULFDOHQHUJ\YLD WKHSLH]RHOHFWULFHIIHFW%\LQWURGXFLQJDEULGJH
UHFWLILHU DQG D FDSDFLWRU ZH KDYH EHHQ DEOH WR VWXG\ WKH HQHUJ\ VWRUDJH FKDUDFWHULVWLFV ERWK
WKHRUHWLFDOO\DQGH[SHULPHQWDOO\7KHHIILFLHQF\DQGWKHVWRUHGFKDUJHDUHGLVFXVVHGZLWKUHVSHFWWRWKH
LQLWLDOYROWDJHDQGWKHFDSDFLW\RIWKHFDSDFLWRU
3LH]RHOHFWULF JHQHUDWRUV 3(*V DUH VLPSOH LQH[SHQVLYH DQG YHU\ FRPSDFW GHYLFHV8QOLNH RWKHU
H[SORVLYH SRZHU VRXUFHV VXFK DV PDJQHWRFXPXODWLYH RU IHUURPDJQHWLF JHQHUDWRUV 3(*V GR QRW
UHTXLUH WKHXVHRIH[SORVLYHV WRSURGXFH WKH UHTXLUHGPHFKDQLFDO IRUFHV WRJHQHUDWHHOHFWULFDOSRZHU
+RZHYHU WKH\ DUH LQKHUHQWO\ ORZHQHUJ\ GHYLFHV ZLWK DPD[LPXP HQHUJ\ GHQVLW\ RI RQO\ DERXW 
-FPZKLFKOLPLWVWKHLUXWLOLW\WRFHUWDLQVSHFLILFDSSOLFDWLRQV
7RWKHEHVWRIWKHDXWKRU¶VNQRZOHGJHZRUNRQH[SORVLYHGULYHQ3(*VFDQEHWUDFHGEDFNWRWKH
HDUO\VLQWKH8QLWHG6WDWHV)RUPHU6RYLHW8QLRQDQG)UDQFH$OORIWKHVHHDUO\VWXGLHVKDGWZR
FHQWUDO WKHPHV XVLQJ IHUURHOHFWULF RU SLH]RHOHFWULF PDWHULDOV DV WKH ZRUNLQJ ERG\ DQG XVLQJ VKRFN
ZDYHVWRGHSRODUL]HWKHVHPDWHULDOV
0RVWRIWKHHDUO\VWXGLHVIRFXVHGRQHLWKHUVLQJOHFU\VWDOVRUIHUURFHUDPLFPDWHULDOVVXFKDVEDULXP
WLWDQDWH7LEDOLWOLWKLXPQLREDWHDQGOHDG]LUFRQDWHWLWDQDWH3=77KHVHPDWHULDOVDUHVWLOOLQYHVWLJDWHG
WRGD\EXWWKHUHLVDOVRLQWHUHVWLQIHUURHOHFWULFSRO\PHUVVXFKDV39')
2QHRIWKHHDUO\SDSHUVWKDWLQYHVWLJDWHGWKHIHDVLELOLW\RIXVLQJ3(*VDVSXOVHGSRZHUVXSSOLHVZDV
E\-(%HDVDQFRQ-'DYLGDQG-9HGHO6LQFHWKHQRWKHUVKDYHLQYHVWLJDWHGWKHLUXWLOLW\DVSXOVHG
SRZHUGHYLFHVLQFOXGLQJ$%3ULVKFKHSHQNR%01RYDF66KNXUDWRYDQG<D7NDFK
$% 3ULVKFKHSHQNR DQG KLV WHDP SUREDEO\ KDYH WKH PRVW H[SHULHQFH ZLWK 3(*V ZLWK ZRUN
EHJLQQLQJ LQ  DQG FRQWLQXLQJ WKURXJK WKH ODWH V 7KH\ KDYH XVHG WKHLU 3(*V WR GULYH
FDSDFLWLYHORDGVDQGLQFRQMXQFWLRQZLWKIHUURPDJQHWLFJHQHUDWRUV
,WZDVILUVWREVHUYHGE\%01RYDFHWDOWKDWWKHVHJHQHUDWRUVZRUNEHVWZKHQWKHVKRFNSUHVVXUHV
DUHGDPSHQHG7KH\ LQYHVWLJDWHG WKH LQIOXHQFHRISUHVVXUH ORDGLQJRQ3=7DQG IRXQG WKDWZKHQ WKH
SUHVVXUHH[FHHGHGNEDUWKHRXWSXWFXUUHQWGUDPDWLFDOO\GHFUHDVHG7KH\WKHRUL]HGWKDWWKLVLVFDXVHG
E\LQWHUQDOVKRUWFLUFXLWLQJRIWKHJHQHUDWRUGXHWRPDVVLYHJHQHUDWLRQRIHOHFWULFDOFKDUJHV7ZRW\SHV
RIDWWHQXDWRUVZHUHXVHGLQWKHLUH[SHULPHQWVFRSSHU3OH[LJODVDQGVWHHO,QWKLVVWXG\LWZDVGHFLGHG
WR GHWHUPLQH WKH RSWLPDO SUHVVXUHV IRU 3(* RSHUDWLRQ DQG LW ZDV IRXQG WKDW VKRFN SUHVVXUHV DUH
GHWULPHQWDOVLQFHWKH\FDXVHWKHFHUDPLFVWRIUDFWXUHDQGFDQLQGXFHHOHFWULFDOEUHDNGRZQ7KHUHIRUH
RQH RI WKH UHVXOWV RI WKLV VWXG\ ZDV WR GHWHUPLQH LI SURSHOODQWV UDWKHU WKDQ H[SORVLYHV FRXOG EH
HIILFLHQWO\XVHGWRJHQHUDWHKLJKYROWDJHVIURPWKHVHJHQHUDWRUV
7KHFRQVWUXFWLRQRIWKHJHQHUDWLRQDQGVWRUDJHV\VWHPLVVKRZQLQ)LJ,QLWLDOO\DVWHHOEDOOUHVWV
DW D KHLJKW  DERYH D SLH]RHOHFWULF YLEUDWRU 7KH HOHFWULF RXWSXW RI WKH YLEUDWRU LV FRQQHFWHG WR D
FDSDFLWRU&WKURXJKDEULGJHUHFWLILHU
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4.1 Operation 
7KHRSHUDWLRQRIWKHV\VWHPLVVXPPDUL]HGDVIROORZV
D 7KHVWHHOEDOOIDOOVIUHHO\WRZDUGWKHFHQWHURIWKHYLEUDWRUXQGHUWKHHIIHFWRIJUDYLW\
E $IWHUWKHFROOLVLRQDEHQGLQJYLEUDWLRQLVSURGXFHGLQWKHYLEUDWRUDQGWKHVWHHOEDOOERXQFHV
XS
F $Q DOWHUQDWLQJ FXUUHQW ,J JHQHUDWHG E\ WKH SLH]R¤HOHFWULF HIIHFW LV VXSSOLHG WR WKH EULGJH
UHFWLILHU
G 7KHUHFWLILHGFXUUHQW,FIORZVLQWRWKHFDSDFLWRU&
H 7KHYROWDJHDFURVVWKHFDSDFLWRULQFUHDVHVWR9
I 7KHVWHHOEDOOIDOOVDJDLQDQGVWHSV²UHSHDWXQWLOWKHVWHHOEDOOVWRSV
4.2 Analysis by an equivalent circuit model 
7R VLPXODWH WKH JHQHUDWLRQ DQG VWRUDJH PHFKDQLVP ZH HPSOR\ DQ HOHFWULFDO HTXLYDOHQW FLUFXLW
PRGHOVKRZQLQ)LJZKLFKZDVLQWURGXFHGE\WKHDXWKRUVLQWKHSUHYLRXVVWXG\7KHORDGUHVLVWDQFH
LQUHI LVVXEVWLWXWHGE\DEULGJHUHFWLILHUDQGDFDSDFLWRU7KHLQSXWPHFKDQLFDOHQHUJ\RIDIDOOLQJ
EDOOLVWUDQVODWHGLQWRDQLQLWLDOHOHFWULFDOHQHUJ\E\WKHHTXLYDOHQWPDVVLQWKHFLUFXLW7KHVHSDUDWLRQRI
WKHYLEUDWRUDQGWKHEDOOLVVLPXODWHGE\FKDQJLQJWKHSDUDPHWHUVLQWKHFLUFXLWDVGHVFULEHGLQUHI
2QO\WKHILUVWEHQGLQJPRGHLVFRQVLGHUHGIRUVLPSOLFLW\RIDQDO\VLV+HQFH&GHQRWHVWKHFDSDFLW\RI
WKHFDSDFLWRUFRQQHFWHGWRWKHUHFWLILHU7KHYDOXHRIWKH&GLVWKHFODPSHGFDSDFLWDQFHDQG5GLVWKH
GLHOHFWULFORVVRIWKHSLH]RFHUDPLFV/P&PDQG5PH[SUHVVHTXLYDOHQWPDVVWKHHTXLYDOHQWVWLIIQHVV
DQGWKHHTXLYDOHQWPHFKDQLFDOORVVRIWKHILUVWPRGHRIWKHYLEUDWRUUHVSHFWLYHO\YLVWKHLQSXWYROWDJH
WRWKHEULGJHUHFWLILHUDQG9FLVWKHYROWDJHDFURVVWKHFDSDFLWRU7KHYDOXHVRILPDQG,FLQGLFDWHWKH
FXUUHQWVLQHDFKEUDQFK
4.3 Piezo-electric effects 
x Direct EffectFDOOHGE\WKH&XULHVWKHSULPDU\HIIHFW(OHFWULFSRODUL]DWLRQSURGXFHGE\
PHFKDQLFDOVWUDLQFKDQJLQJLWVVLJQZLWKUHYHUVDORIWKHVWUDLQ
x Converse EffectVRPHWLPHVFDOOHGWKHUHFLSURFDOHIIHFW0HFKDQLFDOVWUHVVSURGXFHGE\WKH
DSSOLFDWLRQRIDQHOHFWULFILHOGFKDQJLQJLWVVLJQZLWKUHYHUVDORIILHOGAll piezo-electric crystals 
necessarily exhibit both the direct and the converse effect. 
x Longitudinal Effect7KLVWHUPLVFRPPRQO\DSSOLHGRQO\WRWKRVHFDVHVZKHUHDGLODWDWLRQLQD
JLYHQGLUHFWLRQLVDFFRPSDQLHGE\DQHOHFWULFSRODUL]DWLRQLQWKHVDPHGLUHFWLRQ
x Transverse Effect$VFRPPRQO\HPSOR\HGWKLVWHUPUHIHUVWRDGLODWDWLRQDWULJKWDQJOHVWRWKH
DVVRFLDWHGHOHFWULFILHOG

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
)LJ3ULQFLSOHRIJHQHUDWLRQDQGVWRUDJH

)LJ(TXLYDOHQWFLUFXLWRIDQJHQHUDWRU
7\SHVRIPHFKDQLFDOYLEUDWLRQV
x Longitudinal Vibrations7KLVWHUPPD\EHDSSOLHGHLWKHUWRURGVRUWRPRUHH[WHQGHGPDVVHV
LQZKLFK WKHPRWLRQRI WKHYLEUDWLQJSDUWLFOHV LVSDUDOOHO WR WKHGLUHFWLRQRISURSDJDWLRQRI WKHZDYH
WKDW LV QRUPDO WR WKH ZDYHIURQW 7KLV XVH RI WKH ZRUG ORQJLWXGLQDO KDV QRWKLQJ WR GR ZLWK WKH
ORQJLWXGLQDO HIIHFW 9LEUDWLRQV RI WKLV W\SH DUH DOVR FDOOHG FRPSUHVVLRQDO DQG H[WHQVLRQDO
/RQJLWXGLQDOYLEUDWLRQVPD\EHSURGXFHGLQHLWKHUIOXLGVRUVROLGV
x Transverse Vibrations7KLVWHUPLVSURSHUO\UHODWHGWRWUDQVYHUVHGLVWRUWLRQDOZDYHVLQWKH
VDPHPDQQHULQZKLFKWKHWHUPORQJLWXGLQDOYLEUDWLRQVLVUHODWHGWRORQJLWXGLQDOZDYHV7KHYLEUDWLQJ
SDUWLFOHVPRYH LQ D GLUHFWLRQ SDUDOOHO WR WKHZDYHIURQW DQG QRUPDO WR WKH GLUHFWLRQ RI SURSDJDWLRQ
)DPLOLDUH[DPSOHVDUHHOHFWURPDJQHWLF UDGLDWLRQVYLEUDWLQJVWULQJVPHPEUDQHVDQG WKLQSODWHV:LWK
SLH]RHOHFWULFFU\VWDOVWUDQVYHUVHYLEUDWLRQVPD\RFFXUZKHQWKHGLUHFWLRQRIWKHHOHFWULFILHOGLVVXFK
WKDWWKHILHOGSURGXFHVDVKHDULQJVWUHVVDERXWVRPHD[LV,IWKLVD[LVLVSDUDOOHOWRRQHRIWKHSULQFLSDO
GLPHQVLRQVRI WKHSDUDOOHOHSLSHG WKHZDYHSURSDJDWLRQPD\EHH[SHFWHG WR WDNHSODFH LQDGLUHFWLRQ
SDUDOOHOWRDQRWKHURIWKHGLPHQVLRQV6XFKYLEUDWLRQVPD\DOVREHFDOOHGVKHDUYLEUDWLRQV
x Flexural Vibrations7KHVHXVXDOO\RFFXULQHORQJDWHGSODWHVRUEDUVDQGDUHIUHTXHQWO\FDOOHG
WUDQVYHUVH RU ODWHUDO YLEUDWLRQV ,Q RUGHU WR GLVWLQJXLVK WKHP IURP WKH WUDQVYHUVH YLEUDWLRQV
GHVFULEHGDERYHLWZRXOGVHHPEHWWHUWRXVHWKHZRUGIOH[XUDO7KH\DUHDVVRFLDWHGZLWKDEHQGLQJRI
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WKHVSHFLPHQLQDFHUWDLQSODQHKHQFHLWLVEHVWWRUHIHUIRUH[DPSOHWRIOH[XUDOYLEUDWLRQVLQWKH<=
SODQH
x Torsional VibrationsDUHWKRVHLQZKLFKDUHODWLYHDQJXODUGLVSODFHPHQWVKHDULQJVWUDLQDERXW
WKH D[LV RI ILJXUH XVXDOO\ D F\OLQGHU RU SULVP WDNHV SODFH EHWZHHQ DGMDFHQW FURVVVHFWLRQV )RU
H[DPSOHZHVSHDNRIWRUVLRQDOYLEUDWLRQVDERXWWKH;D[LV
From what has been said it is evident that it is ambiguous to refer to the "direction of vibration in a 
crystal," unless the type of vibration is also made clear. 
$SSOLFDWLRQV
7KHEHVWNQRZQDSSOLFDWLRQRISLH]RFU\VWDOVDUH
D 'LUHFW SLH]RHOHFWULFLW\ RI VRPH VXEVWDQFHV OLNH TXDUW] DV PHQWLRQHG DERYH FDQ JHQHUDWH
SRWHQWLDOGLIIHUHQFHVRIWKRXVDQGVRIYROWV
E $V VHQVLQJ HOHPHQWV 'HWHFWLRQ RI SUHVVXUH YDULDWLRQV LQ WKH IRUP RI VRXQG LV WKH PRVW
FRPPRQ VHQVRU DSSOLFDWLRQ HJ SLH]RHOHFWULF PLFURSKRQHV 6RXQG ZDYHV EHQG WKH
SLH]RHOHFWULFPDWHULDOFUHDWLQJDFKDQJLQJYROWDJH
F 8OWUDVRXQG LPDJLQJ 3LH]RHOHFWULF VHQVRUV DUH XVHGZLWK KLJK IUHTXHQF\ VRXQG LQXOWUDVRQLF
WUDQVGXFHUV IRUPHGLFDO LPDJLQJ )RUPDQ\VHQVLQJ WHFKQLTXHV WKHVHQVRUFDQDFWDVERWKD
VHQVRUDQGDQDFWXDWRU8OWUDVRQLFWUDQVGXFHUVIRUH[DPSOHFDQLQMHFWXOWUDVRXQGZDYHVLQWR
WKHERG\UHFHLYHWKHUHWXUQHGZDYHDQGFRQYHUWLWWRDQHOHFWULFDOVLJQDODYROWDJH
G 6RQDUVHQVRUV 3LH]RHOHFWULFHOHPHQWVDUHDOVRXVHGLQWKHGHWHFWLRQDQGJHQHUDWLRQRIVRQDU
ZDYHV $SSOLFDWLRQV LQFOXGH SRZHUPRQLWRULQJ LQ KLJK SRZHU DSSOLFDWLRQV VXFK DVPHGLFDO
WUHDWPHQWVRQRFKHPLVWU\DQGLQGXVWULDOSURFHVVLQJHWF
H $V FKHPLFDO DQG ELRORJLFDO VHQVRUV 3LH]RHOHFWULFPLFUREDODQFHV DUH XVHG DV YHU\ VHQVLWLYH
FKHPLFDODQGELRORJLFDOVHQVRUV3LH]RDUHDOVRXVHGDVVWUDLQJDXJHV
I $XWRPRWLYH DSSOLFDWLRQ DXWRPRWLYH HQJLQH PDQDJHPHQW V\VWHPV XVH D SLH]RHOHFWULF
WUDQVGXFHU WR GHWHFW GHWRQDWLRQ E\ VDPSOLQJ WKH YLEUDWLRQV RI WKH HQJLQH EORFN 8OWUDVRQLF
SLH]RVHQVRUVDUHXVHGLQWKHGHWHFWLRQRIDFRXVWLFHPLVVLRQVLQDFRXVWLFHPLVVLRQWHVWLQJ
J 3LH]RUHVLVWLYHVLOLFRQGHYLFHVWKHSLH]RUHVLVWLYHHIIHFWRIVHPLFRQGXFWRUVKDYHEHHQXVHGIRU
VHQVRU GHYLFHV HPSOR\LQJ DOO NLQGV RI VHPLFRQGXFWRU PDWHULDOV VXFK DV JHUPDQLXP
SRO\FU\VWDOOLQHVLOLFRQDPRUSKRXVVLOLFRQDQGVLQJOHFU\VWDOVLOLFRQ6LQFHVLOLFRQLVWRGD\WKH
PDWHULDORIFKRLFHIRU LQWHJUDWHGGLJLWDODQGDQDORJFLUFXLWV WKHXVHRISLH]RUHVLVWLYHVLOLFRQ
GHYLFHVKDVEHHQRIJUHDWLQWHUHVW,WHQDEOHVWKHHDV\LQWHJUDWLRQRIVWUHVVVHQVRUVZLWK%LSRODU
DQG&026FLUFXLWV
K 3LH]RUHVLVWRUV 3LH]RUHVLVWRUV DUH UHVLVWRUV PDGH IURP D SLH]RUHVLVWLYH PDWHULDO DQG DUH
XVXDOO\ XVHG IRU PHDVXUHPHQW RI PHFKDQLFDO VWUHVV 7KH\ DUH WKH VLPSOHVW IRUP RI SLH]R
UHVLVWLYHGHYLFH
L ,Q0XVLFLQVWUXPHQWV3LH]RHOHFWULFWUDQVGXFHUVDUHXVHGLQHOHFWURQLFGUXPSDGVWRGHWHFWWKH
LPSDFWRIWKHGUXPPHU¶VVWLFNV
6.1. The piezo-resistive effect 
,W LV WKHFKDQJLQJHOHFWULFDO UHVLVWDQFHRI DPDWHULDO GXH WRDSSOLHGPHFKDQLFDO VWUHVV7KHSLH]R
UHVLVWLYH HIIHFWGLIIHUV IURP WKHSLH]RHOHFWULF HIIHFW ,QFRQWUDVW WR WKHSLH]RHOHFWULFHIIHFW WKHSLH]R
UHVLVWLYHHIIHFWRQO\FDXVHVDFKDQJHLQUHVLVWDQFHLWGRHVQRWSURGXFHDQHOHFWULFSRWHQWLDO
6.2. Some other applications in practice 
6.2.1. Tokyo Railway Will Have Piezoelectric Power Generators 
7KHWHVWVDUHFRQFOXGHGLQ)HEUXDU\

7KH(DVW-DSDQ5DLOZD\&RPSDQ\-5(DVWKDVDQQRXQFHGWKDWLWZLOORXWILWWKHIORRURILWV7RN\R
UDLOZD\VWDWLRQZLWKSLH]RHOHFWULFGHYLFHV WKDWKDYHWKHFDSDFLW\ WRGUDZHOHFWULFLW\IURPWKHVWHSVRI
WKRVHSDVVLQJLQIURQWRIWLFNHWERRWKV)RUQRZWKHH[SHULPHQWZLOOEHIDLUO\OLPLWHGFRYHULQJDVPDOO
DUHD EXW LI VXFFHVVIXO WKH V\VWHPZLOO EH LPSOHPHQWHG DW D ODUJH VFDOH SUREDEO\ LQ DOO UDLOZD\ RU
VXEZD\VWDWLRQVLQ-DSDQRUHYHQZRUOGZLGH
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$FFRUGLQJWRFRPSDQ\RIILFLDOVWKHSLH]RHOHFWULFV\VWHPZLOOEHDEOHWRVXSSO\N:VHFXQGHU
QRUPDO WUDIILFFRQGLWLRQZKLFKPHDQV WKDW LW FRXOGSRZHUXSDOOGLVSOD\V LQ WKHVWDWLRQE\ LWVHOI2I
FRXUVHWKHDPRXQWRIHOHFWULFLW\LWSXWVRXWLVGLUHFWO\GHSHQGHQWRQWKHQXPEHURISHRSOHZDONLQJRYHU
LWWRWULJJHUWKHHOHFWULFSRWHQWLDORIWKRXVDQGVRIWLQ\GHYLFHV
3LH]RHOHFWULFPDWHULDOVXVXDOO\FU\VWDOVRUFHUDPLFVKDYHWKHFDSDELOLW\WRJHQHUDWHDVPDOODPRXQW
RI FXUUHQWZKHQ WKH\ DUH VXEMHFWHG WRPHFKDQLFDO SUHVVXUH VXFK DV SXVKLQJ EHQGLQJ WZLVWLQJ DQG
WXUQLQJ6XFKPXOWLSOHPDWHULDOV SODFHGQHDU HDFKRWKHU LQGHQVHO\WUDIILFNHG DUHDV FRXOGSRZHUXS
HYHQODUJHUVWUXFWXUHVSURYLGHGWKDWWKHVWUHDPRISDVVHQJHUVDUHODUJHHQRXJK
7KHOLPLWDWLRQVWKDWWKHVHPDWHULDOVKDYHDUHWKHVDPHDVIRUQHDUO\DOOUHQHZDEOHHQHUJ\VRXUFHV±
RQFH WKH WULJJHU WKH 6XQ WKH ZLQG KXPDQ VWHSV HWF LV JRQH ± WKH SRZHUJHQHUDWLQJ FDSDFLW\
GHFUHDVHVGUDVWLFDOO\
7KHWHVWSRUWLRQRIWKHUDLOZD\LQ7RN\RZLOORQO\KDYHDERXWVTPHWHUVVTXDUHIHHWDQGLW
ZLOOVWLOOEHFDSDEOHRISURGXFLQJVXIILFLHQWDPRXQWVRIFXUUHQW
7KH SLH]RHOHFWULF PDWHULDOV VWDUWHG WHVWLQJ RQ 'HFHPEHU WK DQG IXQFWLRQHG QRQVWRS XQWLO
)HEUXDU\
6.2.2. Piezoelectric Crystals Turn Roads into Power Plants 
7KHV\VWHPLVWHVWHGLQ,VUDHOVWDUWLQJ-DQXDU\

$ QHZ GHVLJQ GHYLVHG E\ +DLP$EUDPRYLFK D GHYHORSHU DW WKH 7HFKQLRQ,VUDHO ,QVWLWXWH RI
7HFKQRORJ\ LQ+DLID ,VUDHOPD\KROG WKHNH\ WRKDUQHVVLQJ WKHSRZHURIPRYLQJYHKLFOHV WRFUHDWH
HOHFWULFLW\ KH VD\V 3LH]RHOHFWULF FU\VWDOV FRXOG EH XVHG WR DEVRUE KHDY\ WUDIILF DQG FRQYHUW D 
NLORPHWHUVWUHWFKRIKLJKZD\LQWRDNLORZDWWSRZHUSODQWPXFKOLNH-DSDQ
VUDLOZD\SURMHFW
,QQRZDWWHFK $EUDPRYLFK
V +DLIDEDVHG VSLQRII FRPSDQ\ DOUHDG\ DQQRXQFHG LWV LQWHQWLRQV RI
WHVWLQJWKHQHZV\VWHPDVHDUO\DV-DQXDU\RQDVKRUWVWUHWFKRIKLJKZD\DERXWPHWHUVORQJ
LQ1RUWKHUQ ,VUDHO7KH UHVHDUFKHUVD\V WKDW LI VXFFHVVIXO WKHQHZFRQFHSWFRXOGEH LPSOHPHQWHG LQ
PDQ\KLJKZD\VDQGIUHHZD\VWKURXJKEDVLFPDLQWHQDQFHZRUNZLWKRXWWKHQHHGIRUIXUWKHUGLJVLQWKH
SDYHPHQW
3LH]RHOHFWULFPDWHULDOVFU\VWDOVDQGFHUDPLFVKDYHWKHDELOLW\WRJHQHUDWHDVPDOOHOHFWULFSRWHQWLDO
ZKHQWKH\DUHVXEMHFWHGWRPHFKDQLFDOVWUHVVZKLFKPDNHVWKHPVXLWDEOHIRUDYDULHW\RIDSSOLFDWLRQV
IURPKDUQHVVLQJVRXQGVWRSURGXFLQJHOHFWULFLW\3LH]RHOHFWULFFRQFHSWVLQFOXGHWKHXVHRIWKHVHVPDOO
GHYLFHVWRFDSWXUHVRXQGZDYHVIURPFHOOSKRQHVDQGFRQYHUWWKHPLQWRFXUUHQWWRIHHGWKHEDWWHU\7KLV
ZRXOGEDVLFDOO\FUHDWHDVHOISRZHULQJGHYLFHWKDWZRXOGQHYHUQHHGUHIXHOOLQJ
&ULWLFVWRWKH,VUDHOLV\VWHPVD\WKDWLQVHUWLQJWKLVW\SHRIPDWHULDOVLQWKHVXUIDFHRIWKHURDGZRXOG
EDVLFDOO\ LQFUHDVHWKH WUDFWLRQIRUFHFDUVZRXOGKDYHWRH[HUWRQWKHURDGDVWKHVXUIDFHRIWKHVWUHHW
ZRXOGUHVHPEOHWKDWRIDPXGFRYHUHGDUHD7KLVZRXOGPHDQWKDWIXHOFRQVXPSWLRQZRXOGLQFUHDVH
WKRXJKHYHQRSSRQHQWVDGPLWWKDWSRZHULQJURDGVLGHVWUXFWXUHVZRXOGEHYHU\EHQHILFLDOWRHYHU\RQH
5HJDUGOHVVRIWKLVSURMHFW WKHIXWXUHRISLH]RHOHFWULFPDWHULDOVORRNVEULJKWZLWKVWXGLHVIRFXVLQJ
RQWKHLUSURSHUWLHVDQGDSSOLFDWLRQVHYHQLQQDQRWHFKQRORJ\,IDFRPSURPLVHEHWZHHQWKHKDUGQHVVRI
WKHURDGDQGWKHPDNHXSRIWKHVPDOOGHYLFHVLVUHDFKHGWKHQXQGRXEWHGO\WKHV\VWHPZLOOEHQHILWERWK
GULYHUVDQGWKH,VUDHOLQDWLRQDOSRZHUJULG
6XPPDUL]DWLRQ
:LWK UHIHUHQFH WR TXDUW] FU\VWDOV WKH WHUPV ;FXW DQG <FXW DUH UHFRPPHQGHG LQ SODFH RI
&XULH FXW DQG WKLUW\GHJUHH FXW IRU SODWHV SHUSHQGLFXODU WR WKH; DQG< D[HV UHVSHFWLYHO\ ,W LV
VXJJHVWHG WKDW WKH WHUPV ;ZDYHV´ <ZDYHV RU =ZDYHV  EH DSSOLHG WRZDYHVRIPHFKDQLFDO
YLEUDWLRQWKHGLUHFWLRQRISURSDJDWLRQRIZKLFKLVSDUDOOHOWRWKH;<RU=D[LVUHVSHFWLYHO\ZKDWHYHU
WKH PRGH RI YLEUDWLRQ )RU WKH TXDQWLW\ PHWHUV SHU PLOOLPHWHU WKH QDPH ZDYHFRQVWDQW WR EH
GHVLJQDWHGE\WKHV\PEROKLVUHFRPPHQGHG
,W LV LQ JHQHUDO LPSRUWDQFH IRU WKH SURSHU XQGHUVWDQGLQJ RI DQ\ SDSHU RQ SLH]RHOHFWULFLW\ RU LWV
DSSOLFDWLRQV WKDW WKH YDULRXV GLPHQVLRQV RI WKH SUHSDUDWLRQ EH FOHDUO\ VSHFLILHG ZLWK UHVSHFW WR WKH
FU\VWDOD[HVDQGWKDW WKHYDOXHVRI WKHGLPHQVLRQV WREHVWDWHG([FHSWLRQVPD\RIFRXUVHEHPDGH
ZKHQRQHRIWKHXQLYHUVDOO\UHFRJQL]HGFXWVLVXVHGDQGWKHGLPHQVLRQVRIWKHSODWHVDUHQRWHVVHQWLDO
,QWKHILUVWFDVHZHKDYHWKHFXWYDULRXVO\UHIHUUHGWRLQWKHOLWHUDWXUHDV&XULHFXW]HURDQJOH
FXW SHUSHQGLFXODU RU QRUPDO FXW2ZLQJ WR WKH HYLGHQW DPELJXLW\ LQ WKHXVHRI DQ\RI WKH ODVW
WKUHH WKH WHUP &XULH FXW LV SUHIHUDEOH+RZHYHU D VWLOOPRUH FRQFLVH WHUPZRXOG EH WKH ;FXW
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GHQRWLQJDSODWHWKHQRUPDOWRZKRVHIDFHDQGKHQFHIRUZKLFKWKHDSSOLHGHOHFWULFILHOGLVSDUDOOHOWR
DQ;D[LV
6LPLODUO\WKHWHUP<FXWZRXOGDSSO\WRWKHVHFRQGW\SHRITXDUW]SODWHZKLFKKDVKLWKHUWREHHQ
UHIHUUHGWRDVWKHGHJFXWRUSDUDOOHOFXW7KHDXWKRUYHQWXUHVWRXUJHWKDWWKHJHQHUDODGRSWLRQ
RIWKHWHUPV;FXWDQG<FXWZRXOGDWRQFHPHHWWKHQHHGIRUGHILQLWHQHVVEUHYLW\DQGFRQVLVWHQF\
)LJ LOOXVWUDWHV WKH;FXWDW WKH ULJKWDQGWKH<FXW DERYHZLWKUHIHUHQFH WR WKHFU\VWDOD[HV
7KHWKLFNQHVVGLPHQVLRQVDUHSDUDOOHOWRWKH;DQG<D[HVUHVSHFWLYHO\ZKLOHLQHDFKFDVHWKHEUHDGWK
RIWKHSODWHLVSHUSHQGLFXODUWRWKHGLDJUDPSDUDOOHOWRWKHRSWLFD[LV
$VLVZHOONQRZQLWLVH[FHHGLQJO\GLIILFXOWWRFXWTXDUW]SODWHVZLWKVXFKSUHFLVLRQDVWRDYRLGYHU\
FRPSOH[W\SHVRIYLEUDWLRQVVRWKDWLQDQ\JLYHQFDVHRZLQJSDUWO\WRWKHHIIHFWVRIHODVWLFUHDFWLRQDQG
ODFNRIXQLIRUPLW\RIWKHHOHFWULFILHOGDZLOGPHGOH\RIERWKORQJLWXGLQDODQGWUDQVYHUVHZDYHVPD\EH
SUHVHQW)RUWXQDWHO\WKHIUHTXHQFLHVFRPPRQO\HPSOR\HGLQSUDFWLFHDUHXVXDOO\IRXQGWRKDYHYDOXHV
LQIDLUDJUHHPHQWZLWKWKRVHFDOFXODWHGIRURQHRURWKHURIWKHVLPSOHYLEUDWLRQPRGHV,QZKDWIROORZV
RQO\WKHVHVLPSOHPRGHVQHHGEHFRQVLGHUHG
;&XW7KHFKLHIPRGHRIYLEUDWLRQ LV ORQJLWXGLQDO LQ WKH GLUHFWLRQRI WKH;D[LV HPSOR\LQJ WKH
ORQJLWXGLQDOSLH]RHOHFWULFHIIHFWWKH<D[LVHPSOR\LQJWKHWUDQVYHUVHSLH]RHOHFWULFHIIHFWRUWKH=
D[LV LQZKLFK FDVH WKH YLEUDWLRQV DUH SURGXFHG E\ HODVWLF UHDFWLRQ7KHXVHRI WKH WHUP WUDQVYHUVH
YLEUDWLRQVRITXDUW]SODWHVDVDSSOLHGWRORQJLWXGLQDOYLEUDWLRQVZKLFKDUHWUDQVYHUVHZLWKUHVSHFWWR
DQHOHFWULFD[LVLVLQFRQVLVWHQWDQGOLNHO\WROHDGWRVHULRXVFRQIXVLRQ7KHFKDUDFWHULVWLFHORQJDWLRQRI
WKHSODWHWKURXJKWKHWUDQVYHUVHHIIHFWLVLOOXVWUDWHGEHORZLQ)LJ
2QHRIWKHPRVWLPSRUWDQWFKDUDFWHULVWLFVRIDSLH]RHOHFWULFUHVRQDWRULVWKDWTXDQWLW\NQRZQDVWKH
PHWHUV SHU PLOOLPHWHU WKDW LV WKH QXPEHU RI PHWHUV RI HOHFWURPDJQHWLF ZDYHOHQJWK IRU WKH
IXQGDPHQWDO PRGH RI YLEUDWLRQ DORQJ DQ\ GLPHQVLRQ GLYLGHG E\ WKDW GLPHQVLRQ H[SUHVVHG LQ
PLOOLPHWHUV)RUWKLVTXDQWLW\WKHWHUPZDYHFRQVWDQWLVUHFRPPHQGHG7KHWHUPLVRIFRXUVHDSSOLFDEOH
WRUHVRQDWRUVIRUPHGIURPDQ\NLQGRIFU\VWDO,WLVVXJJHVWHGWKDWIRUWKHZDYHFRQVWDQWWKHV\PEROKDV
EHDGRSWHG
,Q RUGHU WR DYRLG WKH FRQIXVLRQ WKDW DULVHV IURP DWWHPSWV DW VSHFLI\LQJPRGHV RI YLEUDWLRQ LW LV
UHFRPPHQGHGWKDWWKHWHUP;ZDYHV<ZDYHVRU=ZDYHVEHDSSOLHGWRZDYHVRIZKDWHYHUW\SH
ZKRVHGLUHFWLRQRISURSDJDWLRQLVSDUDOOHOWRWKH;<RU=D[LVUHVSHFWLYHO\)RUH[DPSOHLQVWHDGRI
WKHSKUDVHORQJLWXGLQDOYLEUDWLRQVRID&XULHFXWSODWHLQWKHGLUHFWLRQRIWKH<D[LVZHZRXOGQRZ
ZULWH<ZDYHVLQDQ;FXWSODWH
<&XW7KHRQO\PRGHRIYLEUDWLRQWKDWKDVUHFHLYHGPXFKDWWHQWLRQKLWKHUWRDSSHDUVWREHDVKHDU
YLEUDWLRQWKHVKHDULQJVWUDLQWDNLQJSODFHDERXWWKH=D[LVDQGWKHGLUHFWLRQRIZDYHSURSDJDWLRQEHLQJ
SDUDOOHOWRWKH<D[LV7KHZDYHYHORFLW\DQGKHQFHWKHZDYHFRQVWDQWIRUWKHIXQGDPHQWDOIUHTXHQF\
FDOFXODWHGRQ WKHDVVXPSWLRQRI VKHDUYLEUDWLRQVIURP WKHDFFHSWHGYDOXHVRI WKHHODVWLFFRQVWDQWVRI
TXDUW]DUHLQIDLUDJUHHPHQWZLWKREVHUYDWLRQ,Q)LJWKHQDWXUHRIWKHVKHDULQJVWUDLQSURGXFHGLQD
<FXWSODWHLVLQGLFDWHG


5RFKHOOHVDOW
7KLVFU\VWDOZKHQLQDQHOHFWULFILHOGLVVXEMHFWHGSULPDULO\RQO\WRDVKHDULQJVWUHVVKHQFHLQWKH
FDVHRISODWHVFXWZLWKDOOHGJHVSDUDOOHOWRWKHD[HVVKHDUYLEUDWLRQVDUHWKHW\SHWREHH[SHFWHGLQDQ
DOWHUQDWLQJ ILHOG DOWKRXJK WKURXJK HODVWLF UHDFWLRQV WKH SRVVLELOLW\ RI ORQJLWXGLQDO YLEUDWLRQV LV QRW
H[FOXGHG$VLVZHOONQRZQSODWHVPD\DOVREHFXWIURPD5RFKHOOHVDOWFU\VWDOLQVXFKDPDQQHUDVWR
H[KLELWUHVXOWDQWH[WHQVLRQVDQGFRQWUDFWLRQVLQGLUHFWLRQVSHUSHQGLFXODUWRWKHHOHFWULFILHOGVRWKDWLQ
WKLVVHQVHRQHPD\VSHDNRIORQJLWXGLQDOYLEUDWLRQVSURGXFHGE\WKHWUDQVYHUVHHIIHFWLQ5RFKHOOHVDOW
1RORQJLWXGLQDOHIIHFWH[LVWVZLWKWKLVFU\VWDO
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
)LJ5RFKHOOH6DOWFU\VWDOOLQHVWUXFWXUH
6WULFWO\ DOO SLH]RHOHFWULF SUHSDUDWLRQV FRPPRQO\ XVHG LQ UDGLR DUH UHVRQDWRUV 1HYHUWKHOHVV LQ
RUGHUWRDYRLGWKHFRQIXVLRQZKLFKKDVDOUHDG\EHJXQWRDSSHDULQYDULRXVSXEOLFDWLRQVLWLVVXJJHVWHG
WKDWWKHWHUPUHVRQDWRUEHXVHGDVDUXOHLQDPRUHUHVWULFWHGVHQVHDQGWKDWWKHIROORZLQJGHILQLWLRQV
EHDGRSWHG
Piezo-Electric Resonator$Q\GHYLFHWKDWPD\EHH[FLWHGSLH]RHOHFWULFDOLQWRUHVRQDQWYLEUDWLRQV
DWRQHRUPRUHIUHTXHQFLHV,QDPRUHUHVWULFWHGVHQVHWKHWHUPLVDOVRDSSOLHGWRVXFKDGHYLFHZKHQVR
FRQQHFWHGDVWRH[HUWQRDSSUHFLDEOHFRQWUROOLQJHIIHFWXSRQWKHDSSOLHGIUHTXHQF\WKURXJKLWVUHDFWLRQ
Piezo-Electric Oscillator$FLUFXLWFRQWDLQLQJDUHVRQDWRUDQGSRVVHVVLQJWRROLWWOHUHJHQHUDWLRQWR
RVFLOODWHRILWEXWZKLFKRVFLOODWHVWKURXJKWKHUHDFWLRQRIWKHUHVRQDWRUZKHQWKHODWWHULVYLEUDWLQJQHDU
RQH RI LWV QRUPDO IUHTXHQFLHVZLWK HQHUJ\ GHULYHG IURP WKH FLUFXLW 6XFK D FLUFXLW LV RIWHQ FDOOHG D
FU\VWDOFRQWUROOHGRUTXDUW]FRQWUROOHGFLUFXLWDOVRDSLH]RRVFLOODWRUPiezo-Electric Stabilizer$
VWDELOL]HGFLUFXLWLVRQHZKLFKRVFLOODWHVZLWKRXWWKHUHVRQDWRUEXW WKHIUHTXHQF\RIZKLFKLVXVXDOO\
RYHU D UDWKHU QDUURZ UDQJH VWDELOL]HGZKHQ WKH UHVRQDWRU LV FRQQHFWHG WR WKH FLUFXLW 7KH UHVRQDWRU
LWVHOIPD\LQWKLVFDVHEHUHIHUUHGWRDVDSLH]RHOHFWULFVWDELOL]HU
6LQFH WKH GLVWLQFWLRQ EHWZHHQ D VWDELOL]HU DQG DQ RVFLOODWRU OLHV ODUJHO\ LQ WKH DPRXQW RI
UHJHQHUDWLRQLWIROORZVWKDWWKHWUDQVLWLRQIURPRQHWRWKHRWKHUPD\EHJUDGXDO
A Crystal Monitor or Piezo-Electric Monitor FRQVLVWV RI D UHVRQDWRU LQ DQ LQGHSHQGHQW FLUFXLW RI
ORZSRZHU UHVRQDWRU VWDELOL]HU RU RVFLOODWRU VHUYLQJ DV D IUHTXHQF\ VWDQGDUG WRZKLFK D JHQHUDWRU
PD\EHWXQHG
A Piezo-Electric Calibrator LV D UHVRQDWRU RU VHW RI UHVRQDWRUV VR FRQQHFWHG DV WR VHUYH DV D
IUHTXHQF\VWDQGDUGIRUWKHFDOLEUDWLRQRIIUHTXHQF\PHWHUVHWF
&RQFOXVLRQV
([SHULPHQWVRQWKHIUHTXHQF\RISLH]RHOHFWULFHOHPHQWVDUHGHVFULEHGZLWKVSHFLDOUHIHUHQFHWRWKH
HIIHFWGXHWRVXSHUVRQLFVRXQGZDYHVJHQHUDWHGLQWKHDLUJDSRIWKHKROGHUDQGGXHWRLWVFDSDFLW\,WLV
VKRZQWKDWDPHFKDQLFDOORDGRQWKHFU\VWDOLQFUHDVHVLWVWKLFNQHVVIUHTXHQF\DQGWKDWDQDLUJDSKDVD
VLPLODU HIIHFW 7KH YHORFLW\ RI WKH VXSHUVRQLF VRXQGZDYHV LV DERXW WKH VDPH DV IRU RUGLQDU\ VRXQG
ZDYHV7KHYDOXHIRXQGLVPHWHUVSHUVHFRQGDW&GHJ
$QDSSURSULDWHDLUJDSJLYHVHYHQPRUHKLJKIUHTXHQF\RXWSXWWKDQDPHFKDQLFDOO\ORDGHGFU\VWDO
DQGSURFXUHVDVWHDG\IUHTXHQF\RSHUDWLRQ7ZRVSXWWHUHGSLH]RHOHFWULFHOHPHQWVFDQSURGXFHDEHDW
IUHTXHQF\ZKLFKLVFRUUHFWZLWKLQDIHZSDUWVLQ$PHWKRGLVVKRZQE\PHDQVRIZKLFKDORZ
IUHTXHQF\ VWDQGDUG FDQ EH REWDLQHG E\ KDUPRQLF GLYLVLRQ RI D KLJK IUHTXHQF\ GXH WR SLH]RHOHFWULF
HOHPHQW
,W LV SRVVLEOH WR JHQHUDWH (OHFWULFDO (QHUJ\ E\ WKH XVH RI XQZDQWHG JURXQG YLEUDWLRQV RU VLPSO\
VRXQGSROOXWLRQFDXVLQJYLEUDWLRQVE\WKHXVHRI3,(=2*(1(5$7,21)XUWKHULWLVDOVRSRVVLEOHWR
JHQHUDWH (OHFWULFDO (QHUJ\ E\ XVXDO YLEUDWLRQ FDXVLQJ ZRUNV OLNH0HVVDJH W\SLQJ LQ0RELOHV %LNH
ULGHVOLVWHQLQJPXVLFIURP$XGLRGHFNVWUDYHOOLQJLQFRQYHQWLRQDOWUDLQVHWF
+HQFHDOOWKHXVXDODQGXVHOHVVZRUNVFDQEHHIIHFWLYHO\WXUQHGLQWRPRVWSRZHUIXO(/(&75,&,7<
(/(&75,&$/(1(5*<*(1(5$7,21E\WKHXVHRI3LH]R6HQVRUV

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